Introduction
============

Wounds in foetal skin heal rapidly, largely free of inflammation and without scar formation. The result is restoration of the original tissue architecture, being indistinguishable from unwounded skin, in contrast to the scar-forming tissue reparation found in adult skin. Scarless wound closure with regeneration and reformation of skin, muscles and bones, including normal long-term postnatal development of face and skull, has been demonstrated after intrauterine surgical corrections of previously created clefts in mice, sheep and monkeys in early gestation \[[@b1]\].

Foetal healing properties have been found to be tissue-specific. For example, sheep of middle gestational age demonstrate scar-free healing in skin and bone, a combination of scar-free and scar forming healing in diaphragm muscle and at the same time distinct scar formation after wounding in the gastrointestinal tract \[[@b3]\].

During gestation, a transition phase between foetal and adult healing patterns is observed. The so-called 'transition wound' is characterized by normal re-epithelialization and regular reticular collagen deposition, but loss of skin appendages. In large mammals, including man, the transition stage can be found between late second and early third trimenon of gestation (overviews as above). However, small rodents, such as mouse and rat can exhibit foetal healing properties up to the neonatal stage after incisional wounds which is ascribed to their relative tissue immaturity at the time of birth \[[@b6]\]. Therefore, the rat was chosen as animal model in the present study, which enables investigation of foetal healing mechanisms in the early neonatal stage.

Both foetal and adult skin retains its healing properties when transferred into a different milieu. It was concluded that intrinsic, tissue specific factors cause foetal healing patterns and not extrinsic conditions, such as intrauterine sterility or amniotic fluid \[[@b7]\]. A number of factors are suggested to enable the foetal healing pattern, among these specific properties of foetal fibroblasts, platelets and inflammatory cells. Other differences regard composition of the extra-cellular matrix (ECM), and specific transcriptions factors (i.e. the homeobox-genes), which are expressed in foetal, but not in adult human skin (overviews in \[[@b1]\]). Furthermore, wide evidence exists for an especially important role of the differential cytokine profile in foetal and adult skin. Cytokines are involved in regulation of merely all steps of the wound-healing cascade, including chemotaxis and cell migration, cell growth and proliferation, deposition of collagen and other ECM-components, and angiogenesis. Most investigated growth factors were shown to have significantly lower expression in foetal compard to adult wounds \[[@b8]\]. Only few data, however, exist on cytokine activity in the early neonatal stage.

In this study we investigated *(i)* the healing morphology, and *(ii)* the differential expression of seven cytokines, which---among others---have been shown to play a role in wound healing and regeneration: TGF-α (mesenchymal cell infiltration and proliferation, neutrophil recruitment), TGF-β~1~ and -β~2~ (fibroblast chemotaxis and activation; extracellular matrix synthesis), TGF-β~3~ (reduction of collagen and fibronectin deposition; reduction of scarring), Insuline Growth Factor 1 (IGF 1) (keratinocyte and fibroblast proliferation; collagen synthesis; cell metabolism; endothelial-cell activation and angiogenesis), Platelet Derived Growth Factor A (PDGF A) (activation of immune cells and fibroblasts; promotion of collagen and proteoglycan synthesis) and basic Fibroblast Growth Factor (bFGF) (endothelial-cell activation and angiogenesis; keratinocyte proliferation and migration) \[[@b9]\].

To the authors knowledge, this is the first study comparing wound healing and cytokine activity at the three ages neonate, p3 and adult at different healing times.

Materials and methods
=====================

Animal experiments
------------------

Wistar rats of the ages p0 (neonatal), p3 (3 days old) and adult (3 months old, 250--300 g) were used as experimental animals (Charles River, Sulzfeld, Germany). Both male and female rats were used. Anaesthesia was achieved by ether inhalation for p0 and p3 animals, while intraperitoneal injection of a ketamine (100 mg/kg body weight) and rompun (5 mg/kg body weight) was applied for the adult rats. The back of the adult animals was shaved with an electric shaver. In all three ages, one full-thickness incision of 10 mm length was performed in the skin of the animals\' back. The incision was placed in the midline of the back, and extended from the level of the first thoracic vertebra to caudal direction. The complete and standardized cut through the skin could be recognized performed with magnifying glasses by appearance of the muscular fascia underneath the skin. Whereas the control animals did not receive any treatment, the sham controls underwent the same treatment as their experimental counterparts (anaesthesia, shaving of the back in adult animals, post-op analgesia), except for the incision. The sham controls were intended to exclude influence on wound healing and cytokine expression by factors other than the incision, that is the animal\'s stress during application of anaesthesia, superficial irritation of the skin through shaving or side effects of the post-op analgesia.

In each of the three age groups, the wounds were allowed to heal for six different times (2 hrs, 12 hrs, 24 hrs, 3 days, 10 days, 30 days), resulting into 18 experimental groups. Each group contained six animals: four experimental animals, one control, one sham control (n total = 108). After the according healing time, the animals were sacrificed, and the skin area containing the lesion was excised.

Use of the laboratory animals was indicated and licensed (HN 2/05) by the local authorities (Regierungspräsidium Tübingen).

Tissue processing and immunocytochemistry
=========================================

Tissue of the skin excision was fixed in 2% pH neutral formalin for 2 hrs and embedded in paraffin before processing. 8-mM thick sections were mounted on silanized slides and allowed to dry overnight at 37°C. Sections are deparaffinized 4 x 5 min in Roticlear (Roth, A535.1) and decreasing ethanol, rehydrated and finally washed in Tris-Buffer (pH7.6) for 10 min. For antibody masking sections were pre-treated in microwave oven in citrate buffer (pH 6.0) at 95°C for 20 min as described \[[@b10]\]. Slides were incubated with 3% hydrogen peroxide for 5 min. Endogenes Biotin was blocked with blocking solution (Dako, Glostrup Denmark, Cat No X0590). Slides were rinsed in buffer (10 mM PBS, pH 7.4). The slides were then incubated overnight at 4°C with the following primary antibodies in normal goat serum (Sigma G 9023) in 10 mM PBS, pH 7.4: Anti-TGF-b1 (rabbit polyclonal IgG, SantaCruz, \#sc-90, dilution 1.200), anti-TGF-b3 (rabbit polyclonal IgG, SantaCruz, \#sc-82, dilution 1:250), anti-PDGF A (rabbit polyclonal IgG, SantCruz \#sc-128), anti-TGF-a (mouse monoclonal IgG, Abcam Co, Cambridge UK, dilution 1:15), anti-bFGF 2 (monoclonal igG, Upstate biomol, Lake placid NY, clon bFM-2, 10 mg/ml, anti-IGF1 (mouse monoclonal IgG, Upsated biomol, Lake placid NY sm1.2, 10 mg/ml).

After two rinses inbuffer, the slides were incubated with a horseradish peroxidase-labelled polymer coupled to secondary antibodies for 30 min. Tissue staining was visualized with diaminobenzidine as substrate-chromogen solution. Slides were counterstained with hematoxylin, dehydrated and mounted. Negative control sections were processed without the primary antibody, but with an irrelevant murine IgG1 supplied with the kit.

For hematoxylin-eosin staining cochleae were thawed and stained for 5 min in Mayers Hemalaun solution (Carl Roth GmbH, Karlsruhe, Germany), rinsed 10 min with running water, washed shortly in A. dest., stained 7 min in 0.1% Eosin G solution in water, washed 5 min in A. dest. and embedded in Moviol. Sections were embedded with Moviol (Hoechst) and photographed performed with an Olympus AX70 microscope equipped with epifluorescence illumination.

The intensity of immunostaining was evaluated semiquantitatively by light microscopy. Microscopic evaluation was performed independently by two observers (authors WW and MW), who were both blinded to the slides. The amount of staining product was classified as showing no (--), slight (+), moderate (++) or strong (+++) immunoreactivity, taking into account both the staining intensity and the size of the stained area in the wound site.

Results
=======

Healing morphology
------------------

Two-hr post-wounding (p.w.), incisional gaps filled with blood and fibrin were seen in all age groups ([Fig. 1](#fig01){ref-type="fig"}). The wounds gaped wider in the p0- and p3-animals than in the adults. There was only little cellular activity perceivable at 2 hrs (immigration of sparse granulocytes in p3 and adult). Beginning immigration of lymphocytes to the wound site was observed 24 hrs p.w. in the p0- and p3-specimen, however, the granulocytes still being predominant. In comparison, presence of granulocytes was lower in the adult stage at that time point, with incomplete infiltration of the fibrin-clots. In general, an inflammatory reaction characterized by immigration of granulocytes, makrophagen und few lymphocytes was observed both at ages p0 and adult, however, that inflammation lasted distinctively shorter at p0 than at adult (ca. 3 days *versus* ca. 30 days).

![Incisional wound area after six different healing times (2 hrs, 12 hrs, 24 hrs, 1 day, 3 days, 10 days, 30 days) in neonatal, 3 day old and adult rat skin. Haematoxylin-Eosin-stain. Bar in left top = 200 μm (p0 and p3 at 2 hrs, 12 hrs, 24 hrs and 3 days) or 500 μm (p0 and p3 at 10 days and 30 days, all adult sections).](jcmm0011-1342-f1){#fig01}

Re-epithelialization of the wound gap was complete after 1--3 days in the neonate animals, as compared to 3--10 days in the adults. In the p0- and the p3-animals, the newly formed epithelium was thicker than normal at 1 day and at 3 days p.w., but always gained normal thickness in the further course, making the border between lesion and surrounding tissue indistinguishable. In the adult specimen, in contrast, the re-grown epithelium often remained thickened and exhibited calibre steps at the border to the unwounded epithelium ([Table 1](#tbl1){ref-type="table"}).

###### 

Comparison between important morphologic features in neonatal and adult rat skin during healing of incisional wound

                                                            **Neonatal**                  **Adult**
  --------------------------------------------------------- ----------------------------- --------------------------------
  Inflammation                                                                            
  (Immigration of granulocytes, macrophages, lymphocytes)   Low                           High
  Duration of inflammation                                  3 days                        30 days (longer?)
  Time until re-epithelialization                           1-3 days                      3-10 days
  Morphology of new epithelium                              Normal                        Often thickened, calibre steps
  Skin appendages                                           Normal or slightly rarefied   Markedly rarefied or missing
  Fibrous tissue (fibrocytes) with collagen dispositon      Not or mildly apparent        Moderate or massively apparent

Thirty days p.w., fibrosis (irregular collagen deposition) was absent or minimal in the neonate rats, density of the skin appendages was normal or only slightly rarefied. In contrast, the adult skin showed the expected distinct scar formation with irregular nonreticular collagen deposition and complete lack of appendages in the lesion area. In summary, the neonate skin healed the incisions in a mainly foetallike healing pattern. The p3-animals represented a transition stage between p0 and adult in all histopathogical aspects described here, with closer similarity to the p0-morphology than to the adult stage.

Cytokine expression
-------------------

As an overall result, expression of all seven investigated cytokines was distinctly higher in the area of the lesion in the adult animals than at the ages p0 and p3 ([Fig. 2](#fig02){ref-type="fig"} shows expression of TGF-α as example). P0 and p3 did not differ much in their paucity of cytokine expression. The only significant expressions in p0 and p3 were the following: low (to medium) expression of TGF-α in p0 and p3 at 12 hrs, 24 hrs and 3 days p.w., low expression of IGF 1 in p0 at 3 days p.w., low expression of TGF-β2 in p3 at 3 and 10 days p.w., and low expression of IGF 1 in p3 at 12 hrs and 10 days p.w.. However, expression was higher in all corresponding adult specimen ([Figs. 3](#fig03){ref-type="fig"} and [4](#fig04){ref-type="fig"}).

![Immunostain against TGF-α (example). Incisional wound area after six different healing times in neonatal, 3 day old and adult rat skin. Bar in left top = 500 μm (all sections).](jcmm0011-1342-f2){#fig02}

![Temporal distribution of cytokine expression in the wound site. Semi-quantitative evaluation. Abscissa: healing time, Ordinate: expression strength. Lines: P0: ----□---- ; p3: ----O;----; adult: **...**X**...**.](jcmm0011-1342-f3){#fig03}

![Temporal distribution of cytokine expression in the wound site. Semi-quantitative evaluation by age group. Lines: TGF-α: ---x---; TGF-β~1~: **...□...**; TGF-β~2~: ----O;----; TGF-β~3~: ----\*----; PDGF-A: ----+----; IGF-1: ----▵----; bFGF: -- . --·--▿--·--.](jcmm0011-1342-f4){#fig04}

Expression of most cytokines peaked between 12 hrs and 3 days after the incision. Typically, there was no or very little cytokine stain 2 hrs p.w., and 10 days and 30 days p.w.. Only IGF 1 showed an earlier time course with expression at 2 hrs p.w. in the adult specimen, expression peak at 12 hrs and 24 hrs and diminished detectability 3 days p.w..

In all age groups, intensity of the immunostain (stain per area) was mostly similar in the newly formed epithelium and in the unwounded epithelium surrounding the lesion.

There was no difference in cytokine expression between control animals and sham controls.

Discussion
==========

Healing morphology
------------------

To the authors\' knowledge, this is the first study comparing wound healing at the three ages neonate, p3 and adult at different healing times. In the neonate animals, a mainly foetal-like healing pattern was observed. Scar formation was absent or minimal, complete or nearly complete re-growth of skin appendages occurred, and the re-formated epithelium appeared normal. The lesion area was almost indistinguishable from the surrounding tissue. Much more literature data refer to prenatal healing than to healing in the neonatal stage. In large mammals, the transition between foetal and adult healing pattern is observed between second and third trimenon of gestation (see Introduction), whereas mall rodents, such as mice and rats can retain foetal healing properties until the early neonatal stage after wounding of limited extent. In line with our results, Boon *et al*. \[[@b6]\] observed largely identical scarless morphology and content of hyaluronic acid in mice of the late foetal stage and 2 days post-partum. Full-thickness incisions in the upper lip of rats at 19.5 days of gestation (term 21 days) exhibited scarless healing \[[@b11]\]. Hallock *et al*. \[[@b12]\] even reported foetal characteristics of a high percentage of type III collagen relative to type I and low total collagen content as long as 10 to 15 days post- partum in rat skin. Whitby *et al*. \[[@b13]\] compared incision wounds in foetal, neonatal and adult mice. Their study focussed on the differential cytokine activity and not on healing morphology, however, reported time until re-epithelialization in the neonatal animals is well in line with our findings. Studies reporting scar formation in rats in the foetal stage refer to excisional, not to incisional wounds \[[@b14]\]. Excision wounds in rats heal scarlessly until day 16 of gestation (term 21.5. days), while slight scar formation begins at day 18 \[[@b16]\] or day 19 \[[@b17]\]. These findings illustrate that the combination of wound size and gestational age sets the transition threshold between scarfree and adult healing \[[@b18]\].

We conclude from our findings and literature data that relatively small, *e.g.* incisional wounds, can heal in a foetal-like manner in rats until the immediate neonatal stage, while greater lesions such as excisions need to be created prenatally to heal scarlessly. The scar formation with non-reticular collagen deposition, missing skin appendages and longer duration of re-epithelialization in the adult animals was in accordance as with literature. The p3-animals exhibited a transition morphology with closer similarity, however, to the neonatal than to the adult healing properties.

Cytokine expression
-------------------

The overall findings were: 1. All investigated cytokines showed stronger expression in the adult wound than at p0 and p3, except for TGF-b3, which was not detected in any age group. Cytokine activity was generally low or absent in the neonatal stage. 2. Cytokine expression typically peaked between 12 hrs and 3 days p.w., only IGF 1 displayed an earlier time course. At 10 und 30 days p.w. no cytokine expression was detectable any more.

These findings are in accordance with previous studies. Whitby and Ferguson \[[@b23]\], using immunohistochemistry, reported an increase in PDGF concentration from neonatal to adult during wound healing in mice, similar as was observed in the present study. Also in line with the present results, Whitby and Ferguson reported low or missing post-lesional concentrations of TGF-β and bFGF in the foetal stage, opposed to good detectability of the cytokines in adult animals. In contrast to the presented data, both growth factors were also detectable in the neonates, however, because of the different experimental animal and different healing times, the studies are not directly comparable. Foetal porcine serum was demonstrated to have significantly lower levels of PDGF AB, TGF-β~1~, and TGF-β~2~ (presumably released from platelets) compared with adult serum \[[@b19]\]. FGF 5 and the keratinocytes growth factors 1 and 2 exhibit progressively greater expression in healing foetal rat skin with increasing gestational age \[[@b20]\]. The concentration of RNA of Interleukin 6 and Interleukin 8 is distinctly lower in foetal as compared to adult human fibroblasts \[[@b21]\].

TGF-β exhibits a differential expression pattern with opposing concentration of its three isoforms in the foetal and adult stage. At gestational ages associated with scarless healing, low levels of TGF-β~1~ and high levels of TGF-β~3~ are expressed in rats \[[@b23]\], suggesting that the relative proportion of each isoform may be crucial for repair without a scar, which has also been indicated by therapeutic studies applying addition or neutralization of the different TGF-β isoforms \[[@b24]\]. At the late foetal stage (day 19/21.5 in gestation), TGF-β~3~ was no longer detectable \[[@b17]\], which is in accordance with the lacking detectability of that cytokine isoform in our neonate animals. The finding of low expression of TGF-\_β~1~ and TGF-β~2~ in foetal compared to adult tissue, and the vice versa finding for TGF-β~3~, has also been demonstrated in humans beings \[[@b25]\].

The cited studies are inhomogenous according to species, age groups (different gestational ages/neonatal/adult animals), investigated cytokines, tissue or cell population observed, physiological situation (wounded/unwounded tissue) and examination methods. However, the overall finding is a relative paucity in cytokine activity in the foetal stage and a continuous increase in concentration of most cytokines with aging and maturation.

In the adult wound, inflammatory cells such as polymorphonuclear leukocytes (PMNs) and later macrophages and lymphocytes are recruited to the wound, partially by TGF-β~1~ and PDGF released from platelets. These cells again release a number of cytokines, including TGF-α, TGF-β, PDGF, IGF, and bFGF, which attract more PMNs and macrophages into the wound, recruit fibroblasts, and stimulate them to produce collagen and other extracellular matrix molecules. The foetal wound, on the other hand, is characterized by a relative paucity of PMNs and macrophages at the site of injury. Therefore, the cascade of chemotaxis, cytokine secretion and more chemotaxis may not primariliy initiated \[[@b2]\]. As most cytokines act chemotactic, pro-inflammatory and pro-fibrotic, it is plausible to expect an association between paucity in cytokine activity and the inflammation-free and scarless at the foetal and early stage.

Outlook
-------

During healing of an incisional wound in neonatal, 3 day old and adult skin in rats, it was demonstrated that neonate rat skin still possesses foetal-like healing properties after this limited kind of wounding, according to both healing morphology and cytokine profile. This encourages the use of neonatal rat skin as a wound- healing model for further studies, instead of the more complicated foetal animal models. Cytokines are possible therapeutic targets in efforts to optimize wound healing in the adult organism. Candidates may be found in factors that act oppositely in neonate and adult tissue. The results of the present study may help to select such cytokines.

According to the present results, inhibition of TGF- β~1~, TGF-α or PDGF A may represent possible strategies. The latter may appear surprising, as PDGF (in its isoform PDGF BB) is yet therapeutically used by means of addition, not substraction. However, that application pursues the goal of wound closure in non-healing chronic wounds, gladly accepting cell immigration and fibrosis. In contrast, cytokine substraction intends to mimic the foetal healing pattern *preventing* fibrosis.

Inhibition of cytokine activity can be achieved by the use of anti-sense-oligonucleotides or neutralizing antibodies. The effectiveness of the topical application of such agents, however, is hampered by problems, such as mechanical loss in the wound site, degradation by proteases, absorption to ECM components and limited availability from eventually used transport vehicles \[[@b26]\]. Some of these problems can be circumvented by gene therapy, which has been shown to be principally effective with regard to cytokine application \[[@b27]\]. Our plans are to use tissue transfection with inhibitory RNA, which is not incorporated in the genome and is therefore regarded an especially safe method \[[@b29]\].
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